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ABSTRACT

This report describes how the frequency of the applied load can be
used to separate the influences of environmental attack and fatigue
loading in corrosion fatigue crack propagation studies. Two types of
corrosion fatigue cracking behavior were experienced; these are desig-
nated with respect to material susceptibility to stress-corrosion crack-
ing, i.e., behavior above and below the environmental threshold stress
intensity Kt,,.. A material with known susceptibility to sustained-
load cracking, 4340 steel, was chosen for the above K I... study, while
IIY-80 steel, a-material with high resistance to corrosion attack, was
selected'for the below K1 , 4 investigation.

The enhanced environmental fatigue cracking observed in HY-80
for stress intensity levels below K I , appears to require the new-sur-
face area generated by the fatigue loading, since the crack growth rates
are predominately cycle-dependent. The corrosion fatigue crack growth
in 4340 steel for stress intensity levels above KI. for all loading
frequencies below 1 Hz were shown to be independent of the numbers of
cycles, and cracking rates were noted to be completely controlled by the
rate of environmental attack. The effect of applying cathodic protection
potentials to both materials was to increase the cracking rates above
those under freely corroding conditions, indicating that the environ-
mental mechanism of attack was hydrogen embrittlement.

PROBLEM STATUS

This report concludes one phase of the task; other work on the task
is continuing.

AUTHORIZATION
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Task RR 007-01-46-5416
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CORROSION FATIGUE CRACK GROWTH
BEHAVIOR ABOVE AND BELOW K r.

INTRODUCTION

Thestructural capability of engineering components subjected to cyclic loading while
exposed to an environment can be completely destroyed by the joint action of two material
attack mechanisms. This joint action, defined as corrosion fatigue, combines the effects
of environmental and fatigue attack. Corrosion fatigue action has been noted to produce
material damage for almost any combination of applied stress level, material, heat treat-
ment, and corrosive agent (1), whereas the individual mechanisms promote attack-only
for unfortunate combinations of these parameters.

Only a limited number of investigators have performed systematic experimental

studies to quantitatively determine the mechanical, metallurgical, and chemical parame-
ters associated with the corrosion fatigue problem. Most investigators chose to isolate
the individual mechanisms and study the parameters which excite these mechanisms to

cause failure. These investigations have resulted in an understanding of how thefatigue
and environmental attack mechanisms operate to cause the material damage leading to
fracture:

1. The microscopic material damage produced by repeatedly applying loads to a
component depends on the number of times that the loads are applied; i.e., fatigue' dam-
age is cycle dependent (i.e., dependent on the number of cycles).

2. Environmental damage is time dependent, because the environmental attack re-
sulting from the contact of the environment with the material surface is strongly influ-
enced by the time of exposure.

The fundamental difference in the character of the individual attack mechanisms reflects
itself in the character of the corrosion fatigue attack.

The distinguishing characteristic of the corrosion fatigue attack is the ability of the
combined fatigue and environmental action to nucleate and propagate cracks. This com-
bined action usually results in component lives that are shorter than would be expected if
only one of the attack mechanisms were operating. From fatigue studies conducted in
nonaggressive environments, the character of the localized fatigue damage is noted to
remain essentially constant throughout the life of the component. One special feature of
th, 2nvironmental attack is that the type of attack can change when loads are applied to
the component or when components containing preexisting flaws are introduced into serv-
ice. Under certain conditions, the attack can become a single localized action such as
that observed in stress-corrosion cracking. Techniques have been used successfully to
describe the propagation of stress-corrosion cracks (2) and to develop a fracture me-
chanics parameter K Is C which provides the lower limit on the measurable crack growth
regime (3).

The purpose of this investigation was to contrast the salt water corrosion fatigue
crack propagation behaviors observed in the two regimes of no measurable sustained load
crack propagation (below K1,cc behavior) and of measurable stress-corrosion cracking
rates, (above-K1 c ctb ehavior). A typical structural steel, HY-80 steel, having intermedi-
ate strength and high toughness, was selected for its high resistance to environmental
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cracklngunder sustained load,(K-,,. > 200 ksi kinj. A high-strength 4340 steel'which
was -previously shown to be highly susceptible to environmental ciracking under sustained
loads was chosen for the above-K , . behavior study(4,5)

To determine the general character of the crack growth behaviors, 4he frequency of
cyclic loadingand the environmental condition were varied. Whenever one wishes to dea-
termine -if an environment markedly decreases a material's resistance to fatigue damage,
the first mechanical variable that should be considered is frequency of loading. This ap-
proach follows directly from the-hypothesis: If the envirowmen/al damage is time de-
pendenl-andif the fatigue damage is cycle dependen/, then variation of frequency allows
the lime-depemlenl action lo occur while it holds the cycle-dependent ac/ion -conslant.
The results of both studies were compared to base line (vacuum) fatigue crack propagation
data.

MATERIALS AND PROCEDURES

Material

The chemical compositions of theHY-80 and 4340 steels-are given in Table 1. The
HY-80 steel was- tested in the mill-annealed condition, which would result in a minimum
specified yield strength of 80 ksi. The 4340 steel-was quenched and tempered to a 220-
ksi-0.2% offset yield strength level according to the heat-treatment schedule given here.

1. Austenitize 1600 0F for i hour in salt bath

2. Oil quench

3. Temper 1 hour at 600OF in air

4. Water cool

5. Repeat steps 3-and 4
6. Surface grind, remove 0.020 in. from both sides of a specimen.,

Rockwell measurements made on the finished specimens indicated a hardness of 49 t 1 R'.

Table 1
Chemical Compositions of Materials

___ __ P Si] Ni C OS V C l FeSt e.el Ve

4340 0.40 0.72 0.1 0.28 1.70 0.80 0.24Reanr___ F10R12ainder

0.15 0.37 10.017 262.21 1.12 0.29 10.017 0.05 0.04 0.01 Remainder

Specimens

Two single-edge-notched specimens used in the study are shown in Fig. 1. Ten SEN
1 specimens were used in the HY-80 investigation, and eight SEN 2 specimens were used
in the 4340 steel investigation. Stress intensity factors were determined using compli-
ance data processed by a movable-strip technique (6). The stress intensity results are
given in Figs. 2 and 3.
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Load Control and Crack Measurement

A closed-loop, hydraulically actuated, servo-controlled mechanical test system with
a 20-kip load cell and 50-kip load frame was used to apply the loads within 1 percent of
the desired values. By decreasing the loads stepwise according to Figs. 2 or 3, constant
average stress Intensity values were applied to the specimen for a given crack length
ch.nge. Crack lengths were visually measured or the specimen's surface using a lOX
traveling microscope calibrated to read 0.0001-ia. increments. Because the corrosion
products clouded the electrolyte solution or adhered to the specimen surface during the
test, it was difficult to maintain this accuracy in crack length measurements. The data
have been reported as the average of several observations, so that some of the random
err,,, iin measuring crack lengths has been eliminated. The average crack growth rates
rep'-rted herein are felt to be at least within 10 percent of their population mean.

Environments

The base line fatigue crack propagation rates were obtained in a vacuum chamber
that completely surrounded the specimen. A liquid nitx ogen cold trap used in conjunction
with a high vacuum diffusion pump provided a vacuum of 1. 10 - torr in less than 4
hours. The system was allowed to pump down for about 8 hours prior to data collection;
consequently, the data were collected in a vacuum somewhat less than I - 10 " torr.

The freely corroding crack propagation data were obtained using a 3.5 sodium
chloride solution that was prepared from reagent grade sodium chloride and distilled
water. The p11 of the freshly made solution varied between 6.5 and 6.8. The environ-
mental chamber used to contain the enrrnsive ql1utn wi-; an open ,cirylic plntic 1,,)x
(3 by 4.5 by 1.5 in.). The specimen was inserted int. a centrally located hole in the bot-
tom of the box and was positioned so the crack plane w,ts approximately 1, 2 in. aboie the
bottom; the chamber was sealed into position using pyseal wax. The corrosive solution
was open to the atmosphere and was maintained at ambient temperature.

- The r'oupling sacrificial anodes used in the HY-80 investigation were of cadmium,
zinc, and magnesiun. Two anodic electrodes were placed on the floor of the environ-
mental box, one on each side of tne specimen. Electrochemical potentials were continu-
ously monitored using a silver-silver chloride reference electrode coupled to a strip
chart recorder having a 106 -Q input impedance. The ranges of measured potential and
most frequently measured values are given in Table 2.

Table 2
Electrochemical Measurements in HY-80 Study

* Environmental Lowest Usual i Highest J Change in
Reading Reading Reading PotentialCondition (V) (V)(V) dDuring Test

IFreely corroding -0.59 -0.64~ -0.665 More negative
jCadmium anode -0.715 -0.735 -0.775 More positive

Zinc anode -1.035 :1.04 -1.05 Constant
Magnesium anode - 1.25 -1.36 -1.38 More positive

To study the influence of buffered solutions on the above-K,., corrosion fatigue
behavior, a 0.025M borax buffer with 3.5t sodium chloride added was prepared accord-
ing to 'he schedule given below (7). The resulting pH of this solution was 8.3.
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1. Add 9.5343 g of sodium tetraborate decahydrate (formula NaB 4 O - 10H 2 0) to
I liter of distilled water (0.025M borax solution).

2. Dilute 8.6 ml concentrated hydrochloride acid with distilled water to prepare
1 liter 0.1M liCl solution.

3. Mix 100 ml of 0.025M borax solution with 30 ml of 0.1 HCi Solution to obtain 8.5
pH buffer.

4. Add 35 g sodium chloride per liter of the borax buffer.

RESULTS AND DISCUSSION

The results of a series of fatigue crack propagation tests are summarized and dis-
cussed in this section. For purposes of discussion, it is somewhat easier to present the
data in the following order: fatigue in vacuum behavior, corrosion fatigue behavior below
K1,,,, and corrosion fatigue behavior above K i,,,. These separate categories can be
used in general to isolate the cycle-dependent fatigue-controlled behavior, an environment-
fatigue interaction behavior, and a time-dependent, environmentally controlled behavior.
The purpose of the report is to investigate the influence of combined environment and
fatigue effects and to compare the behaviors observed in the separate categories. The
base line fatigue behavior in vacuum is presented first.

Fatigue in Vacuum

The base line fatigue-crack propagation rates obtained in a hard vacuum (1 10-7
torr) are presented in Fig. 4. The 4340 steel data were collected at a frequency of 10 Hz
using a zero-tension square-wave cycle. The HY-80 trend line indicated in the figure

f 4340 (TY,- 220

4340 Or, 225

*0-

- /
M, o

• HY-80
° *.9 rotique ,n

Vocuum (7)

01-/

OIL O/
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Stress Intensily AK, (kS .A )

Fig. 4 - Fatigue crack growth rates collected in
a 1 x 10 "' tort vacuum for IfY-90 and 434o steel
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was obtained from data collected at 18 Hz for sinusoidal loading by Mleyn (8) usn 6 the
same vacuum system described above, Included in Fig. 4 are additional 4340 data (8)
collected for a slightly higher yield strength (225 ksi). The only noticeable difference
between the rates of the three materials is that the higher yield strength 4340 steel has
a slightly faster crack growth rate.

The vacuum rates are substantially slower than the reported rates for the two mate-
rials in laboratory air (9,10). Since air contains water .tpor and oxygen, it represents a
potentially aggressive environment; water and oxygen could react with the newly forming
fatigue crack surfaces to give an enhanced crack growth. Because the exact environmen-
tal dependence of air fatigue crack growth ib not known, air data should not be used as a
quantitative base line for corrosion fatigue studies.

Corrosion Fatigue Crack Growth Rates Below K1

Effect of Frequency - The mistake that an investigator can make in evaluating cor-
rosion fatiguero t---- by testing at one loading frequency (especially 4 a high one)
can be conveyed by the zero-tension data shown in Fig. 5, where all the rates were ob-
tained at a frequency of 10 Hz. These IIY-80 data were collected in a 3.5-0 NaCI solution
using haversine load waveforms with a 200 lb minimum load.

Included for reference in Fig. 5 are the upper and lower limits of the Barsom vl al.
scatter band (10). This band had been shown to bracket the large quantity of published
steel fatigue crack propagation data (including that of HY-80) obtained in air. Notice that
the corrosion fatigue data presented in Fig. 5 lie close to the vacuum trend line and are
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Fig. 3 - The corrosion fatigue crack
growth rates in IIY-80 collected at a
frequency of 10 liz are compared to
vacuum rates (8) and the Barsom et al.
(10) fatigue in air scatter band
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below or at the bottom of the fatigue in air scatter band. An investigator might conclude
from the figure that HY-80 steel has good corrosion fatigue resistance and that cathodic
protection has a minor effect on the rate of crack growth.

The fallacy of such conclusions is shown by the data presented in Fig. 6, where the
cyclic crack growth rate is shown to increase with decreasing frequency to a rate five to
six times faster than the base line rates for two different values of stress intensity range.
To establish the cyclic crack growth rate behavior for the frequency range investigated
(0.001 to 10 Hz), two levels of stress intensity range (AK = 39 and 78 ksi Nin.) were
thought sufficient. Such a choice resulted in cost saving for both the number of speci-
mens used and the time spent in data collection. The previous statement could only be
made if the growth behavior pattern did not change significantly between the two levels.
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50 7
ZL olt e in Vacuu m

20o

Fat Figue in Vocuoem-064I
U POtenfsol LOadnO ( k a,/

I. , Ag/AgCI1'1 IoIis,} 3.. ,mK(40 76< AK'B0
o -0640 -i,

-0735o
-1 370

2 -040 0 00

F,equency (Hz)

T i. 6 - Corrosion fatigue cyclic crack growth
rates in HY-80 as a fuinction of frequene.%

The corrosion fatigue crack growth rates for the HY-80 steel presented in Figs. 5
and 6, as well as those introduced later, represent the average of several values, except
at the 0.001-Hz frequency where only one value was collected because of the length of
test (220 cycles).

The variation of corrosion fatigue behavior shown in Figs. 5 and 6 should not be
considered new. In 1932, Gough (11) noted from observations based on McAdam's data
that the relative corrosion fatigue resistances offered by the same metal exposed to two
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different environments of varying corrosivity may be completely altered by a change in

cyclic frequency, the reason again being that two coexisting phenomena are acting, one
cycle dependent, the other time dependent.

To determine the trends in behavior, compare any two of the curves in Fig. 6 show-
ing the constant-environment corrosion fatigue rate vs frequency. A comparison shows
that the corrosion fatigue growth rates at the high AK are greater than the corresponding
rates at the low AK as expected. In general, however, the ratio of corrosion fatigue rate
to vacuum rate indicates that the maximum environmental growth enhancement occurs at
the lower stress-intensity ranges. The data indicate that the corrosion fatigue cyclic
crack growth rates merge to the vacuum rates at high levels of AK.

Crooker and Lange (12,13) have recently published comparative studies of salt water
corrosion fatigue and air fatigue cracking behaviors for six 180-ksi yield-strength steels
having moderately high K,,,, values. The data were collected for a "vide variation in
stress-intensity range at a constant frequency of 5 cycles/min (0.083 Hz). Five of the
r'iv steels investigated showed a merging of the salt water corrosion fatigue crack growth
rate data to the air data at higher levels of AK (the maximum cyclic stress intensity was
still lower than K , ,,,). The corrosion fatigue crack growth data for the other steel
(9Ni-4Co-0.25C) indicated immunity to the salt water environment when compared to airfatigue 

data.

Barsom (14) has reported on the effect of salt water corrosion fatigue crack propa-
gation below K1, in a 12Ni-5Cr-3Mo steel (yield stress, 184 ksi; K ,  60 ksi ,7T.).
His data were collected for a variation of AK between 15 and 50 ksi -Jin. for three fre-
quency levels (0.1, 1, and 10 Hz). The results of his study indicate that the ratio of cor-
rosion fatigue to air fatigue cracking rate was constant for a constant environmental
condition and for a constant frequency; he proposes that this behavior represents a hy-
pothesis for below-K,... behavior. The results presented here as well as those by
Crooker and Lange (12,13) do not substantiate this hypothesis. Possibly the constant-
ratio trend in crack growth rate behavior only exists for certain ranges of AK or for
specific material-environment systems.

As indicated by Fig. 6, the rate of cyclic crack growth in most of the environments
tested appears to reach an upper limit at a frequency of 0.01 Hz for the cracking rates
collected at the high AK and of 0.1 Hz for the low AK data. If, as suggested by the data
in Fig. 6, there is a characteristic frequency at which the cyclic crack growth rates
reach a maximum, the nature of the time-dependent component of the corrosion fatigue
attack mechanism would also change at this frequency.

As the frequency is lowered, the nature of the environmental attack will change if

1. A crack surface film developed which either inhibited the cathodic reaction or
changed the chemistry of the local corrosion cell at the crack tip.

2. The electrochemistry of the local cell at the crack tip promoted blunting or uni-
form attack of the crack surface.

3. A slow step in a hydrogen diffusion and reaction sequence limited the volume of
hydrogen-embrittled material at the crack tip.

Additional low-frequency experiments are required to discern which of these hypotheses
provides the best description of the environmental cracking mechanism.

Time-Based Cyclic Crack Growth Rates Below K1 ,,, -Multiplying the cyclic crack
growth-rtes-given Fi'g. 6 by the corresponding loading frequency results in the
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time-based crack-extension behavior illustrated in Fig. 7. The behavior described in
Fig. 7 indicates that the time required to extend a crack a fixed distance increases ap-
proximately one order of magnitude for every one order of magnitude decrease in loading
frequency. This type of behavior may be chararforistic of below-K,," behavior; i.e.,
predominately cycle-dependent fatigue crack growth behavior. The cycle-dependent be-
havior implies that the localized environmental attack will only take place when the crack
is extended by the fatigue mechanism.
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Fig. 7 -Time-based corrosion fatigue crack growth rates
in HY-80 as a function of frequency-below-KI, behavior

For many structures that experience slow loading frequencies over long periods of
time, the type of corrosion fatigue damage illustrated in Fig. 7 would be significant from
an engineering standpoint. For such cases, the design approach outlined by Sinclair and
Rolfe (15) could be used to establish inspection periods and to predict component life. To
estimate the corrosion fatigue rates for the low-strength, high-toughness materials
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The data given in Fig. 6 have been replotted in Figs. 8 and 9 to show the effect of
varying the electrochemical potential at each frequency of loading. The trend of the data
indicates that the cyclic crack growth rate increases as the electrochemical potential
becomes more electronegative. In sustained-load stress-corrosion crAcking studieb,
when such crack extension behavior is observed, the mechanism of attack has been sug-
gested to be hydrogen embrittlement (18,19). The logic behind the theory is that de-
creases in electrochemical potential promote decreasing dissolution rate and increaing
supplies of hydrogen (18).
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Because the coirosion-fatiguc .Towth rates are bilgnificatitly larger than the vacuum
rates at the lower frequencies, tne effects of cathodic protection are more noticeable
here. A comparison of the constdnt-frequency curves in Figs. 8 or 9 indicates that the
iatios kLetween the various constant-environment crack growth rates do not change sub-
stantially with frequency ch tnges below 1 Hz, Listed in Table 3 are cyclic growth rate
ratios between the fLeely c, rroding and magnesium anode conditions at various frequen-
cies. With decreasing frequency, these crack growth rate ratios are seen to increase,
out only slightly. This is surprising because hydrogen embrittlement phenomena are
characteristically strain rate sensitive (20). Possibly, the main influence of hydrogen is
already suitably reflected in the freely corroding crack growth rate behavior. In sum-
mary, applying cathodic protection to HY-8 steel with sacrificial anodes results in an
increase of the rate of cyclic crack growth above the freely corroding rate.

The schematic diagram of the time to fail vs the electrochemical potential shown in
Fig. 10 represents the smooth specimen fatigue behavior of HY-80 steel (21). These
specimens were reverse-bend tested at a frequency of 1 cycle, min in a 3.5% NaCl solu-
tion while subjected to cathodic protection potentials. As indicated in Fig. 10, a potential
slightly moie electronegatlie than the freely corroding potential yields a maximum spec-
imen life under constant stress conditions.

The type of smooth-specimen fatigue beha~ior shown in Fig. 10 differs substantially
from that observed in the early studies of structural steel behavior, where applied ca-
thodic potentials were shown to result in the recovery of the air fatigue life (17). These
structural ,eel corrosion fatigue data were for the most part generated at high frequen-
cies (between 30 and 100 Hz). If the results of these earlier studies are reinterpreted in
light of the low-frequency HY -80 smooth spe linen and crack growth rate behaviors, one
must conclude tnat the protection offered by applying cathodic potentials to a material
undergoing corrosion fatigue action is one of delaying the nucleation of surface cracks.
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Table 3
Ratio of Changes in Crack Growth Rates

HY-80 Steel Fatigue

AK Frequency Cracking Aate Ratio*
(ksi .A.) (Hz)

40 0.001 2.08

40 0.01 3.2

40 0.1 2,24

40 1.0 1.58

80 0.001 3.92

80 0.01 2.28

80 0.1 2.0

80 1.0 1.12

*Ratio of Mg-cotpled crack growth rate to freely corroding crack growth
rate.

sr-ime to Fail Smooth Specimen.

Time /-Time to initiOte Cracking
in Vacuum. it i * Conitant

/ -Time to Peopogate a
/ Dislance in Environment.

/ OK' conalont
A 'Tlme to Initiale < o

S Crockilng in

Envi onment. stress ontaontS mSpeimIen Cattodic -

Potential

Fig. 10 - Schematic diagram of the
influence of electrochemical potential
on initiation and propagation of cracks
to failure of smooth specimens

Since the cathodic potentials were developed by sacrificial action for both the smooth
specimen and crack growth HY-80 investigations, a hypothesis based on inhibiting the
crack nucleation process is reasonable. Most of the protection given to steel by sacrifi-
cial anodes of cadmium, zinc, aluminum, and magnesium is by physical exclusion of the
corrodent (22). Inorganic cations can precipitate out as hydroxides or carbonates at the
basic cathode and form a tight layer which acts as a diffusion barrier to oxygen and leads
to high cathodic polarization (22). Since the results of the crack propagation study indi-
cate that the cracking rate increased as the electrochemical potential became more nega-
tive, It is reasonable to suggest that the local cell conditions in crevices and cracks
might prevent complete surface coverage by the cation barrier and provide sites for
hydrogen to become absorbed and cause embrittlement.
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Figure 10 presents a summary of what is known or suspected about the smooth spec-
imen corros!.,n fatigue behavior of structural steels. The time to nucleate a crack and
the time to grow a crack a fixed distance under controlled mechanical conditions in an
aqueous environment increases and decreases, respectively as the electrochemical po-
tential decreases. The time to fail a smooth specimen will represent the composite in-
fluence of the environment on the initiation and propagation of cracks.

Corrosion Fatigue Crack Growth Rates Above K I

The purpose of this phase of the investigation was to provide crack propagation in-
formation which could be compared or contrasted to the data generated in the HY-80
phase. As suspected, the corrosion fatigue crack propagation behavior of 4340 steel
provides more contrast than comparison to the
HY-80 behavior. While the 4340 material exhib-
its a sustained-load crack growth pattern with a
K15,, of approximately 10 ksi , in. (see Fig. 11), o 4340 . 22o0kl ., bffed I

valid measurements of the K,... for HY-80 have a 434o(220k,,i 0025M
not yet been obtained (a value greater than 200 otx Buffer
ksi '[i'n. would be a rough estimate). One would
correctly guess that the environmental effect on g 0_"

the corrosion fatigue crack growth behavior de-, of
pends on the level of stress intensity with re- 00P;;
spect to Ki,,e. All stress intensity levels in the
HY-80 investigation were well below the esti- : ".'•
mated K,, of that material.

In the 4340 investigation, square wave load- o Ubof, fred
ing cycles were applied to the SEN 2 specimens
to produce corrosion fatigue crack growth rates 0
under constant maximum stress intensity condi-
tions. The applied "zero" to tension load cycle
had a 0.015-sec rise time and a 200-lb minimum
load. Two stress intensity levels (Km., = 20 and
40 ksi %in.) were chosen to illustrate the crack
propagation behavior. The frequency was varied ,o 15 20 30 40 50 1oo

through several orders of magnitude to establish Stoic Stress Intensity. K. (k, sn)

environmental dependence. Fig. ii - Sustained-load crack

growth rates in 4340 stecl for
The sustained-load crack extension behavior two 3.5'7 NaCl solutions (unbuff-

shown in Fig. 11 was determined for the lowest ered and buffered with borax)
frequency studied, i.e., at 0.005 Hz. Crack growth
rates were calculated by dividing the change in
crack length by the time that the static load was
applied. Crack extension for each applied stress intensity level was usually greater than
0.02 in., except for those data collected at aipplied stress intensity levels below 11.5
ksi % in. where the crack extension was 0.005 in.

In Fig. 11, it appears that there are three regions where the stress-corrosion
cracking rate has a specific pattern. In the two regions where the static stress intensity
level is below 13 ksi %Tn. or above 42 ksi <-in., the crack growth rate changes drastically
for small changes in the stress intensity level. The stable crack growth region between
the stress intensity limits of 13 and 42 ksi . in. could be termed the plateau region.

Because cracking rates are more reproducible in the plateau region than in the outer
regions, environmental variables are easier to study in this region. For example,
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changing the environment to a 0.025M borax buffer with 3.5% NaCi, the sustained load
crack growth rate pattern assumed the form indicated in Fig. 11. Comparing the crack
growth rate patterns exhibited by the 4340 material izdicates that the main effect of
changing environments was to shift the level of K,,, ,. from 10 to 20 ksi "n. It is also
seen in Fig. 11 that the cracking rates in the plateau iegnon for the buffered environment
are slightly lower than the corresponding rates in the unbuffered 3.5%0 NaCI solution.

The corrosion fatigue crack growth rates obtained by square wave loading
(AK , K,.,x = 20 and 40 ksi . in.) the 4340 specimens at several frequencies are shown
in Fig. 12. The crack growth rates presented in this figure represent an average of at
least five values and were obtained by multiplying the crack length change by the ratio of
frequency to the number of applied load cycles.

The cyclic crack growth rates given in Fig. 12 are seen to be independent of the
number of applied load cycles; i.e., they ar,, cycle independent, and the behavior there-
fore simulates suistained crack growth rate bavior. Note that the sustained load crack
growth rate conversion factor between Figs.Mi and 12 is 1,2. Included in Fig. 12 for
reference are two lines which represent the cycle-dependent vacuum fatigue behavior for
stress intensity ranges of 20 and 40 ksi Nill. These lines were extrapolated from the
•,'acuumn data presented in Fig. 4.

04
Loading Environment
-AK* K...

* 20k$1Ai 3112% NoCI
* 40 WiA_ 3 1/2% Noel
* 40 ks.n 0025M Borax Buffer
S 40sinr-i 0025M Borox Buffer

Coupled to Mg Anode

01

O-- -

E

^a"° Co - _..-

AK2

0 -

aK.2K A4~ Ai(.20-

00,

in 1:1,0 steel as a function of frequency-
above-K,, behavior

I *J
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Because the sustained crack growth rates were much faster than the vacuum cyclic
crack growth rates at the frequencies studied, it was not possibk to exhibit the complete
fatigue crack growth rate behavior using square wave loading. The dashed curves indi-
cate the expected behavior for frequencies higher than those studied. At the higher fre-
quencies, the environmental fatigue crack growth rates are expected to merge with the
vacuum fatigue crack growth rates. Notice the contrast in time-based corrosion fatigue
crack propagation behaviors exhibited by the two steels as made clear by the data pre-
sented in Figs. 7 and 12. The HY-80 stee) was previously noted to crack in a cycle-
dependent manner for all the frequencies studied when the stress intensity range was
below K ,. As illustrated by Fig. 12, the 4340-steel corrosion fatigue data indicate
that a cycle-independent cracking takes place for stress intensity levels above K, ., (re-
stricted to frequencies below 1 Hz). These two figures (Figs. 7 and 12) provide a sum-
mary description of the dharaxcterlstic behaviors of the above- and below-K regimes
of corrosion fatigue crack propagation.

The results of 'his above-K study and those by Gallagher md Sinclair (23) and
Wei and Landes (24) indiwatc that the Wet and Landes hypothesis provides a reasonable
estimate of the abovc -K1 .... corrosion fatigue behavior of steels. This hypothesis sug-
gests that environmentally-induced latigut track propagation rates can be directly ob-
tained by adding the sustained-load influra(e of the .aggi essive enironinent to the fatigue
crack growth rate obtained in an inert environment on a cyclic basis. Thuis hypothesis
only applies to above-K1 ., cracking behaviors, because by definition there is no
sustained-load crack growth below K.. (3).

The usefulness of the Wei and Landes hypothesis should be immediately evident for
design purposes. Interaction should ,nly be expected between the sustained-load and
fatigue cracking mechanisms when the sustained-load cracking rate is within an order of
magnitude of the corresponding inert-environment fati6ue crack growth rate. Having
data which are similar to those presented in Figs. 4 and 11 for a mteriai-mnvironment
system, a designer will be able to determine the frequency at which the environment
starts to influence the cycle-dependent fatigue crack growth rate. if this frequency is
well below the frequency of loading experienced by the structure, then a design analysis
based on fatigue behavior alone would be adequate.

As can be noted from Fig. 12, changes in environmental conditions influence the
magnitude of cracking but not the behavioral pattern. The borax buffer environment re-
duced the magnitude of corrosion fatigue crack growth rates by the same amount that it
had reduced the sustained-load cracking rates in the plateau regton of Fig. 11. Coupling
the 4340 steel spccinen to a sacrificial magnesium anode accelerated the corrosion fa-
tigue crack growth rate in the borax buffer by a facto- of about 2. This result was strik-
ing because the corrosion fatigue crack growth rates of IHY-80 were also increased by
approximately the same factor when the material was coupled to a1 magnesium anode (see
Table 3). It is possible that this result should not have been unexpected, if hydrogen
embrittlement is responsible for the enhanced crack growth rates in both steels.

CONCLUSIONS

Subjected to the limitations imposed within this report, the following conclusions
appear reasonable:

1. Corrosion fatigue crack propagation of HY-80 steel in 3.57 NaCl is influene'd b
the electrocbemicai potential; in general, the more electronegative the potential, the
higher the rate of crack propagation.
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2. In HY-80 steel, the rate of environmental attack increases (as evidenced by the
change in cyclic crack propagation rates) with decrease in loading frequency from 10 to
0.01 Hz. The rate of environmental attack for a loading frequency of 0.001 Hz was ap-
proximately equal to the rate at 0.01 Hz, indicating a possible leveling off or decrease in
environmental attack.

3. The corrosion fatigue crack propagation behavior of the 4340 steel is markedly
different from that of the HY-80 steel, mainly because in the 4340 investigation the stress
intensity levels were above K, , where the environmental attack controls the rate of
crack growth.

4. Fatigue crack propagation rates in vacuum for the two materials do not differ
greatly, The lower strength material exhibited a slightly lower crack propagation rate
than the higher strength 4340.

5. Changes in load frequency will change crack propagation rates from a time-
dependent to a cycle-dependent process in materials loaded to stress intensity levels
above K . The changeover frequency occurs when the low-frequency corrosion fatigue
crack propagation rate is within an order of magnitude of the time-based fatigue crack
propagation rate (rates measured at corresponding stress intensity levels).

6. Buffering the 3.5c NaCl solution with a 0.025M borax buffer to a p11 of 8.3 doubled
the measured K I, _, from 10 to 20 ksi \ in. and slightly reduced the sustained-load crack
propagation rates in the plateau region. There was no change in the corrosion fatigue
crack growth rate behavior in the plateau region.

7. The crack propagation rates measured for the magnesium-coupled condition was
approximately twice the freely corroding rates (at any given frequency and AK level) for
both steels.
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